Direct volume visualization of computer tomography data is based on the mapping of data values to colors and opacities with lookup-tables known as transfer functions. Often, limitations of one-dimensional transfer functions become evident when it comes to the visualization of aneurysms close the skull base. Computer tomography angiography data is used for the 3D-representation of the vessels filled with contrast medium. The reduced intensity differences between osseous tissue and contrast medium lead to strong artifacts and ambiguous visualizations. We introduced the use of bidimensional transfer functions based on measured intensities and gradient magnitudes for the visualization of aneurysms involving the skull base. The obtained results are clearly superior to a standard approach with one-dimensional transfer functions. Nevertheless, the additional degree of freedom increases the difficulty involved in creating adequate TFs. In order to address this problem, we introduce automatic adjustment of bidimensional TFs through a registration of respective 2D histograms. Initially, a dataset is set as reference and the information contained in its 2D histogram (intensities and gradient magnitudes) is used to create a transfer function template which produces a clear visualization of the vessels. When a new dataset is examined, elastic registration of the reference and target 2D histograms is carried out. The resulting free form deformation is then used for the automatic adjustment of the reference transfer function, in order to automatically obtain a clear volume visualization of the vascular structures within the examined dataset. Results are comparable to manually created transfer functions. This approach makes it possible to successfully use bidimensional transfer functions without technical insight and training.
INTRODUCTION
Direct volume visualization is nowadays available as a standard tool with radiological workstations. Computer tomography (CT) data is used to produce 3D renderings of important structures. The standard approach is based on the mapping of measured intensities to colors and opacities through lookup-tables, so called transfer functions (TF) . 1 This technique delivers particularly good visualization results if the target structures are anatomically well separated and if the differences between measured intensities within the 1D histogram allow a clear separation. Nevertheless, the limitations of this approach become evident when it comes to the visualization of intracranial aneurysms close to osseous tissues.
2, 3 CT-angiography (CTA) data is used for the visualization of vascular structures filled with contrast medium. Aneurysms occur often at the skull base and as an additional drawback, the measured intensities of osseous tissues and contrast medium get mixed due to occurring partial volume effects. This makes it impossible to get a clear separation with a 1D TF and thereby, an unambiguous visualization of the target structures can not be produced.
We introduced bidimensional TFs (2D TFs) based on measured intensities and gradient magnitudes for the visualization of aneurysms involving the skull base. 4 The TFs are created with an interactive editing tool based on tissue boundary shaped widgets. The obtained results are clearly superior when compared to the 1D TF approach. Nevertheless, the additional degree of freedom increases the difficulty to find an adequate TF for a particular case. In this work, we present a new technique for the automatic adjustment of 2D TFs for the visualization of intracranial aneurysms, which is based on a pixel-based elastic registration of 2D histograms of the source data. Furthermore, it does not require user interaction.
PREVIOUS AND RELATED WORK
The concept of multidimensional TFs was simultaneously introduced with direct volume visualization.
1
TFs based on measured intensities and gradient magnitudes were proposed as an effective method for the visualization of isosurfaces from volume data. Nevertheless, practical use has been restricted in the past by its complexity. Developments on PC graphics hardware have enabled the interactive edition of multidimensional TFs and various approaches have been proposed.
5
The most successful strategy was introduced by Kniss et al. 6 This work was based on the use of an editing tool which provided a set of widgets for the creation of TFs. Interactive design of TFs for the visualization of isosurfaces was possible making use of a widget with the corresponding shape. Although high quality results were obtained with CT data, experiments with CTA data proved to be inadequate with these TFs for the visualization of vessels close to the skull base. Close inspection to the data revealed that the limited differences between measured intensities of vascular structures and bone prevent a correct differentiation of neighboring tissues with the mentioned TFs.
A better approach for 3D-visualization of adjacent tissues is to focus on the creation of TFs for the visualization of the boundaries. Previous work in this area described the behavior of the tissue boundaries within CT datasets.
7
The semi-automatic generation of TFs for this purpose proved to be effective. Nevertheless, it is strongly affected by noise. A previous statistical analysis of the data is necessary in order to determine adequate parameters for the correction of the influence of noise. These parameters are manually set and feedback is available only after recomputing the distance to a boundary for each voxel. This process is expensive in terms of computing time and only a trial-and-error approach has been developed. Visualization of CTA data with this technique is difficult within clinical environments. A further idea is to combine the two previously discussed techniques in order to interactively create TFs for the visualization of tissue boundaries within CTA data. This technique proved to be effective for the visualization of vascular structures next to osseous tissue. 4 Nevertheless, the increased complexity involved in the creation of the 2D TFs makes the integration in clinical practice more difficult. In the presented work an automatic approach for the adjustment of the 2D TF is proposed.
MATERIALS AND METHODS
We have used a standard texture based volume visualization approach with PC graphics hardware. The implementation in OpenGL allows the interactive adjustment of TFs for tissue boundary visualization. The editing tool makes it possible to create adequate TFs for the 3D-visualization of vascular structures even if they are embedded in osseous tissue. Although this technique is successful in delivering adequate visualizations of the target structures, a higher degree of automation for the adjustment of the 2D TFs would allow easier introduction into clinical routine.
2D TFs for the visualization of vascular structures within CTA are created making use of data properties displayed in the form of a 2D-histogram. Automatic matching of these properties is used for the adjustment of the corresponding 2D TFs. Matching of the mentioned properties is achieved through registration of a reference histogram to the histogram of the dataset being examined. The registration produces a transformation which is then used for deforming the reference TF to match the examined dataset. 
Visualization of Aneurysms with Bidimensional Transfer Functions
Visualization of aneurysms within the skull base is made possible by using 2D TFs for the visualization of tissue boundaries within CT data. 7 According to this, the behavior of the tissue boundaries within CT-data must be taken into account in order to correctly shape the TFs.
The ideal physical boundary corresponds to a step function (e.g. the air/skin boundary, where data goes from 0 to the value corresponding to skin). Nevertheless, the scanning device can not faithfully reproduce this behavior. The measuring process is band limited and can be modeled with a Gaussian filter. This assumes that the measuring process has a Gaussian frequency response and blurs the sharp edges of the data. Fig. 1 (left) shows the resulting ideal boundary as displayed within the CT scan. It corresponds to the convolution of the step function with the Gaussian kernel. This curve is the so called error function. Although the response of the measuring device can not exactly be a Gaussian function -this would require infinite support -, the behavior of the tissue boundaries within CTA data is correctly approximated with this model.
The TFs created with this approach are based on measured intensities and gradient magnitudes. Therefore, the behavior of the gradient magnitude around the data boundary must be determined. The derivative of the error function is displayed in Fig. 1 (left) . It corresponds to a Gaussian curve with its maximum placed at the center of the boundary. This representation shows the spatial behavior of the intensity and its derivative along the boundary. Nevertheless, it is necessary to know how intensity and gradient are related to each other. The relationship between intensity and gradient magnitude along the boundary can be seen in Fig. 1 (right). The resulting curve resembles an inverted parabolic function with its apex at the boundary center. This concept will be used later in order to define the shape of the TFs.
2D Transfer Function Editor
The relationship between data intensity and gradient magnitude along the tissue boundary has been discussed for 1D functions. It can be expected that the same relationship holds for volume data. This can be verified by means of a statistical analysis of CT data. Gradient magnitudes of every voxel are computed using central differences and a 2D histogram is created for the dataset. The 2D histogram features data intensities and gradient magnitudes in the x and y axis respectively. Histogram hits are counted for the corresponding intensity/gradient magnitude pair of each voxel. An example of the final representation can be seen in Fig. 2 (left) . Parabolic shapes can be observed whose correspondence can be inferred to the behavior of the boundary model in 1D space. It can be expected that each parabola represents a tissue boundary in the data (e.g. soft tissues / skull). Non-uniformity in the resulting shapes can be explained by noise in the data and partial volume effects. Nevertheless, since the histogram provides a probability distribution, it can be safely assumed that the intensity coordinate of the parabola's apex corresponds to the average tissue boundary center. The same assumption can be made for the gradient magnitude coordinate. We use this information to interactively create TFs for the visualization of tissue boundaries. A TF editing module is provided within the visualization tool, where the 2D histogram is displayed as background for the workspace area. In this manner, it is possible to have visual feedback about the boundaries within the dataset while creating the TFs. A widget with the shape of a transfer function for the visualization of tissue boundaries is provided. The shape of the widget corresponds to the characteristic inverted parabola that represent the presence of a tissue boundary (see Fig. 2 -right -) . The widget can be freely moved over the workspace. In this manner it is possible to match a particular boundary within the data. Once the selected boundary has been matched with the corresponding widget, it is possible to adjust precisely the TF. The TF widget computes a Gaussian interpolation of colors and opacities around the center of the boundary along the intensities and gradient magnitudes directions. Parameters of the interpolation such as width and center of the boundary can be interactively adjusted.
Hardware Implementation
A standard hardware based 3D-texture approach is used for volume visualization.
9 Textured parallel polygons are placed orthogonally to the viewing direction. Alpha blending in the graphics hardware completes the volume visualization. The result of the volume visualization is determined by the colors and opacities that are used for texturing. In our case, these colors and opacities are assigned according to the 2D TFs created in the editing module.
Measured intensities and gradient magnitudes are stored in the R and A components of a 3D-RGBA-texture whose size corresponds to the size of the source data. This texture is used for the parallel polygons that form the volume visualization. Mapping of the source data to colors and opacities with the 2D TF is achieved by means of a dependent texture operation. The RA components of the 3D-texture are used as source and the TF is stored as a 2D dependent texture. Since the source data stores the intensities and gradient magnitudes in the R and A components respectively, the look-up operation effectively performs a mapping of the intensities and gradient magnitudes to colors and opacities. Additionally, per-pixel lighting is computed making using of the register combiners of the graphics card. The normalized gradient is stored in a secondary 3D-texture and used as normal vector for the lighting computations.
Implementation of the TF editor was achieved taking advantage of the graphics hardware. Quadrilateral polygons are used as basis for the TF widgets. The parabolic shape of the widget is created according to the selected boundary parameters and stored as a 2D RGBA image. This image is then used for texturing the polygon that corresponds to the widget. Four control points determine the shape and position of the widget. These control points as well as the interpolation parameters can be modified interactively with immediate feedback in the volume visualization. In this manner it is possible to make precise adjustments to the coverage and shape of the TF. The global TF is determined by the contributions of all the widgets over the work area. Color and opacities for each pixel of the TF are computed by alpha blending of the contributing widgets. As mentioned before, the resulting RGBA image is stored as 2D-texture and is used as dependent texture for volume visualization.
Automatic Adjustment of Bidimensional Transfer Function Templates
The application of 2D TFs led to significantly improved visualizations compared to 1D TFs. The increased degree of freedom makes it possible to clearly separate vascular structures from osseous tissues. Unfortunately, the important area corresponding to vessels in the 2D-histogram is very small (see Fig. 3 -Left -) . This requires precise adjustment of the TF in order to obtain a correct visualization. This process involves comprehensive expertise. Although the implemented editor provides the adequate tools for the creation of 2D TFs, generation of a correct TF for a particular dataset is a complex task. A better approach for the clinical application must reduce the amount of technical knowledge required for the visualization to a minimum. The first approximation consists of applying a previously adjusted 2D TF template for every dataset. Although affinity between CTA-datasets is evident, this method produces incorrect classification of tissues due to changes in the shape and location of the structures of interest in the 2D histogram representation (see Fig. 3 -Right -) . This issue shows that dataset specific adjustments are necessary.
As a further step, statistical similarities between CTA-datasets can be exploited for the automatic adjustment of the 2D TFs. If the CTA scans are performed with standardized parameters, it is possible to assume that the voxel count for a particular tissue is restricted to a determined range. It is also safe to assume that the same kind of tissue boundaries are present within every scan. According to this assumptions 2D-histograms of CTA-data should follow a basis structure and present small variations for each dataset. The parabolic area that represents the vessels within the 2D-histogram is expected to be always present in approximately the same location. The size and the shape of the parabola can vary slightly between datasets (see Fig. 4) . A 2D TF for visualization of vascular structures should be situated over the corresponding area in the 2D-histogram. The shape of the TF should be given by the representation of the boundary in the histogram. This means that a 2D TF for a particular dataset should follow a basic structure with slight variations.
It is therefore possible to find a transformation that maps the basic 2D-histogram structure to the examined 2D-histogram. Since 2D TFs are based on the shape of the 2D-histogram, the same transformation can be applied to deform the basic TF structure in order to fit it to the examined dataset. Numerous works on medical image registration have shown that it is possible to find such a transformation. 10, 11 We perform non-rigid 2D registration of reference and target 2D-histograms in order to automatically fit a reference 2D TF to the target dataset.
Initially a CTA-scan including vascular structures within the skull base is selected as a reference. A 2D TF for clear visualization of the vessels in the reference dataset is created making use of the information contained in the 2D-histogram. This TF is set as reference. Non rigid registration of the reference 2D-histogram to the 2D-histogram of the examined dataset is performed using bicubic B-Splines for smooth image deformation. As mentioned before, the hit counts in the histogram can be expected to be restricted to a certain range and be similar for all datasets. Having this idea in mind, quadratic differences were used as similarity metric. Optimization was performed with a directions set method. Fit optimization was carried out with multiple resolutions of the control grid in order to correct bigger variations initially and progressively refine the final transformation. After the registration was successfully completed, the resulting transformation was applied to the reference TF. Finally, the deformed TF was used for the visualization of the examined dataset.
RESULTS
A set of 11 intracranial aneurysms was examined evaluating the effectiveness of the visualization with bidimensional TFs. A group of 4 further cases was examined to assess the quality of the automatically adjusted visualizations. Source data consisted of 64 slices with a 256 × 256 pixel resolution corresponding to subvolumes focused around the skull base.
A selected example shows the value of this approach for the implicit segmentation of vascular structures involving the skull base (see Fig. 5 ). An aneurysm of the right internal carotid artery is shown. The same range of measured intensities was used to create 3D-visualizations with 1D TFs (left) and 2D TFs (right). It can be observed how 2D TFs allow to clearly see important structures of the lesion such as the feeding vessel and the neck of the aneurysm. Vessels within the skull base are also clearly visible. In comparison, the visualization with 1D TFs fails to clearly separate osseous tissue from neighboring vessels.
A dataset containing the internal carotid arteries within the skull base was selected as reference for the evaluation of the automatically adjusted bidimensional TFs. A 2D TF for the clear visualization of vascular structures was created and stored as reference TF. 2D-histograms of the target datasets were computed. Elastic registration of the reference 2D-histogram to the target was performed. The resulting elastic deformation was then applied to the reference TF. Figure 6 shows the reference TF placed over the target 2D-histogram before (left) and after automatic adjustment (right). Before adjustment it can be observed how the reference TF fails to correctly fit over the vessels area in the histogram. After the TF has been adjusted, a correct fit is obtained. A comparison of the corresponding volume visualizations is represented in figure 7 . A manually 
DISCUSSION
Direct volume visualization is widely used for the diagnosis and therapy planning of intracranial aneurysms. Spatial information provided by the 3D-visualization greatly improves the understanding of important vascular structures. Nevertheless, shortcomings of the standard 1D TF based approach become evident if the lesions are located close to the skull base.
13 Application of bidimensional TF for the visualization of intracranial aneurysms successfully led to greatly improved results when compared to the standard 1D TF approach. As a drawback, the increased complexity involved in the creation of the TFs makes the application of this approach within clinical environments more difficult. An adequate editing tool was produced in order to ease this task. On the other hand, the additional degree of freedom provided by bidimensional TFs increases the flexibility of direct volume visualization even more. This involves a bigger amount of user driven uncertainty in the visualization results. Thereby, standardized results are more difficult to obtain.
In order to cope with the technical complexity and standardization issues, an automatic visualization approach is the preferable path to follow for the clinical application of bidimensional TFs. A technique was proposed, which successfully exploits similarities of CTA scans in order to automatically produce 3D-visualizations with 2D TFs. Initial tests show results comparable to manually produced renderings. Nevertheless, the effectiveness of this technique relies on standardization of the scanning procedure. Big discrepancies between scans lead to extreme variations of the 2D-histograms, which the registration routine can not match. In order to effectively apply the proposed method, a standardized scanning strategy has to be defined and applied in cooperation with the neuroradiologist.
A framework is provided were the physician can create the reference 2D TF. In this manner, knowledge and experience about the pathology and clinical requirements for successfully conduct diagnosis and therapy can be stored. Reliability of this approach absolutely depends on how faithfully the medical knowledge is abstracted and incorporated into the system. Close cooperation between medicine and engineering is necessary to ensure high quality results.
Further tests have to be performed in order to prove the reliability of this approach with a wider spectrum of pathologies. Thereby, a full integration into clinical practice is possible. The automatic nature of the method should reduce the effort involved in the completion of this task.
CONCLUSIONS AND FUTURE WORK
Bidimensional transfer functions proved to be an adequated solution for the problem of direct volume visualization of intracranial aneurysms situated close to the skull base. Nevertheless, the complexity involved in the creation of adequate 2D TFs reduces the conventional applicability of this approach. A method for automatic 3D-visualization of intracranial aneurysms with bidimensional transfer functions has been developed. This approach is based on automatic adjustment of 2D TF templates. Reliability of the proposed technique heavily depends on the embedded medical knowledge stored as TF templates. An adequate interface ensures the proper integration of this expertise into the system. Robustness of the system can be further increased applying newer 2D-registration algorithms. Nevertheless, standardization of the CTA-scan procedure is necessary to ensure proper functioning of the method. A further improvement area is the validation of the visualization results. Current evaluation of direct volume visualization is given by the visual perception obtained from 3D-renderings. Evaluation against expert segmentation would provide a better assessment on the quality of the results. In order to make this possible, the implicit segmentation provided by volume visualization has to be translated into an explicit segmentation. This area is still under development.
Initial evaluation of the presented approach delivered visualizations comparable to renderings produced with manually adjusted 2D transfer functions. The obtained results feature greatly improved renderings when compared to the standard 1D TF based approach. Moreover, since no additional expertise from the physician is required, this work provides an important step for the integration of bidimensional transfer functions for volume visualization within the clinical practice. 
